The growing risk of human exposure to airborne nanoparticles (NPs) causes a general concern on the biosafety of nanotechnology. Inhaled NPs can deposit in the deep lung at which they interact with the pulmonary surfactant (PS). Despite the increasing study of nano-bio interactions, detailed molecular mechanisms by which inhaled NPs interact with the natural PS system remain unclear. Using coarse-grained molecular dynamics simulation, we studied the interaction between NPs and the PS system in the alveolar fluid. It was found that regardless of different physicochemical properties, upon contacting the PS, both silver and polystyrene NPs are immediately coated with a biomolecular corona that consists of both lipids and proteins. Structure and molecular conformation of the PS corona depend on the hydrophobicity of the pristine NPs. Quantitative analysis revealed that lipid composition of the corona formed on different NPs is relatively conserved and is similar to that of the bulk phase PS. However, relative abundance of the surfactant-associated proteins, SP-A, SP-B, and SP-C, is notably affected by the hydrophobicity of the NP. The PS corona provides the NPs with a physicochemical barrier against the environment, equalizes the hydrophobicity of the pristine NPs, and may enhance biorecognition of the NPs. These modifications in physicochemical properties may play a crucial role in affecting the biological identity of the NPs and hence alter their subsequent interactions with cells and other biological entities. Our results suggest that all studies of inhalation nanotoxicology or NP-based pulmonary drug delivery should consider the influence of the PS corona.
U nderstanding interactions between nanoparticles (NPs) and living organisms is of crucial importance for advancing biomedical applications such as NPbased drug delivery and for regulating the environmental, health, and safety (EHS) issues of nanotechnology. 1 With a larger surface free energy than the bulk material, NPs immediately adsorb biomolecules upon contacting biological specimens to form the so-called biomolecular corona. 2−4 Biophysicochemical properties of this corona, instead of the pristine NPs, determines the biological identity of the NPs when further interacting with the biological system. 4 Numerous studies have shown that the biomolecular corona alters the biodistribution, bioreactivity, and biopersistence of NPs, 1,5 thus resulting in differential cellular uptake and cytotoxicity of the NPs. 6−9 To date, a majority of studies in the biomolecular corona focuses on the protein corona. Upon intravascular administration of NPs, thousands of plasma proteins including the serum albumin are found to adsorb onto the NP surface to form the protein corona. 3 Available experimental data reveal that the protein corona is composed of an inner layer of tightly bound molecules called the "hard corona" and an outer layer of "soft corona" consisting of molecules only loosely attached to the NP surface. 10, 11 Whereas molecules in the soft corona undergo dynamic adsorption−desorption cycles and thus only have a short lifetime of seconds or less, the hard corona is relatively stable and has a much longer lifetime up to hours. 11 Proteomic analysis with mass spectrometry has further identified that compositions of the protein corona depend on physicochemical properties of the NPs such as their size, charge, and hydrophobicity. 12, 13 Very recently, the study of protein corona has been generalized by considering portals of particle entry other than intravascular injection. Indeed among all potential portals of entering the human body, the respiratory system is the most susceptible to particle invasion due to its large surface area in direct contact with the environment. 14 With their small size, a large portion of inhaled NPs can penetrate the respiratory tracts and deposit in the deep lung, where the NPs first interact with the pulmonary surfactant (PS) lining layer of alveoli and develop the so-called PS biomolecular corona. 15−17 The PS is composed of approximately 90% lipids, including various phospholipids and cholesterol, and 10% proteins (named SP-A, SP-B, SP-C, and SP-D) by weight. 18 Among these four surfactant-associated proteins, SP-B and SP-C are small hydrophobic membrane proteins that are essentially important for reducing alveolar surface tensions and thus indispensable for sustaining normal respiratory physiology. 19 SP-A and SP-D are large hydrophilic proteins and members of the collectin family, which play an important role in innate host defense by binding inhaled particles and pathogens. 20, 21 The importance of understanding the PS corona is at least two-fold. First, the process of forming the biomolecular corona on inhaled NPs upon contacting the PS system represents the initial nano-bio interactions in the lungs. Hence, formation of the PS corona may interfere with the physiological function of the endogenous PS, thus posting a significant nanotoxicological impact on the respiratory system. For example, recent experimental evidence has convincingly shown that interactions with NPs can adversely affect the biophysical function of natural PS in reducing the surface tension. 15,16,22−26 Second, because the PS corona is formed at the initial biological barrier in the lungs, its biophysicochemical properties, rather than those of the pristine NPs, determine the subsequent biological identity and fate of the inhaled NPs, 4 such as their retention at the alveolar space, interaction with epithelial cells, clearance by macrophages, and translocation to the systemic circulation and other organs. Along this line, plenty of experimental data have demonstrated that preincubating various NPs (e.g., singlewalled carbon nanotubes, 27 polystyrene, 28 and silica NPs) 29 in the PS-containing bronchoalveolar fluid significantly alters the NP uptake by alveolar epithelial cells and macrophages.
In spite of the importance of the PS biomolecular corona, relevant studies are still scarce. Available experimental evidence of the PS corona mainly relies on mass spectrometry, 17, 27, 30, 31 which can only provide knowledge of chemical composition of the corona rather than its molecular conformation. Consequently, the general mechanisms by which the PS corona is formed remain unclear. Here, we use coarse-grained molecular dynamics (CGMD) simulations to study the structure and molecular conformation of the PS corona formed on NPs of representative surface properties. We first established the detailed CGMD model of the natural PS assembly system in the alveolar fluid. With this model system, we conducted the molecular scale simulation of the PS corona formed on two commonly studied NPs, that is, the hydrophilic silver NP (Ag-NP) and the hydrophobic polystyrene NP (PST-NP). Our simulations suggest that regardless of different surface properties of the NPs, upon contact with the bulk phase PS in the alveolar fluid, the NPs are instantly wrapped with a biomolecular corona that consists of both lipids and proteins. The composition, structure, and conformation of biomolecules in the PS corona are regulated by surface properties of the NP. Our simulation results shed light on understanding the molecular mechanism of nano-bio interactions in the respiratory system. 
RESULTS AND DISCUSSION
Self-Assembly of PS Molecules in the Aqueous Phase. Before introducing NPs, we first simulate the micellar ultrastructure of natural PS self-assembled in the aqueous phase of the alveolar fluid. Figure 1a shows the self-assembled structure with pure lipid components without surfactantassociated proteins (the dynamic process of lipid self-assembly can be found in Video S1 of the Supporting Information). Lipids in our model system include dipalmitoylphosphatidylcholine (DPPC), palmitoyloleoylphosphatidylglycerol (POPG), and cholesterol at a molecular ratio of 14:6:5. Although simpler than the natural PS, lipids in this model system represent the major lipid components of PS, retaining the diversity of zwitterionic (PC), anionic (PG), and neutral (cholesterol) lipids, with both disaturated (dipalmitoyl) and unsaturated (palmitoyloleoyl) acyl chains. 18, 32 Our previous MD simulations of PS monolayers have proven the accuracy of this model system in comparison with topographic structures of natural PS monolayers obtained with atomic force microscopy. 16 As shown in Figure 1a , without surfactant proteins, molecules of DPPC (in green) and POPG (in yellow) are self-assembled into micelles with the hydrophobic tails of the phospholipids shielded inside a shell made of hydrophilic head groups. This structure minimizes the system energy by preventing water molecules from contacting the hydrophobic moieties of the amphiphilic phospholipids. As detailed in the inset, cholesterol molecules (in silver) are found to be embedded within the micellar structure, with its hydroxy groups in contact with the phospholipid head groups and its alkyl groups in contact with the phospholipid tails. This finding of MD simulations is consistent with experimental prediction that cholesterol selectively interacts with hydrocarbon chains of phospholipids. 18, 33 Consequently, a physiological level of cholesterol helps solidify the PS membranes, but a supraphysiological level of cholesterol deteriorates the biophysical function of PS by fluidizing the surfactant vesicles and films. 18,33 Figure 1b shows the self-assembled PS ultrastructure with the addition of three membrane-binding surfactant proteins, such as SP-B, SP-C, and SP-A (the dynamic process of PS selfassembly can be found in Video S2 of the Supporting Information). It is found that all three proteins promote fusion of the unilamellar micelles into larger multilamellar micelles, in good agreement with experimental observations of the ultrastructure of protein-containing natural PS. 15, 34 Specifically, it is found that the hydrophobic SP-B (in orange) and SP-C (in purple) mainly assume transmembrane positions, whereas the hydrophilic SP-A (in violet) locates primarily at the intermembrane space to bridge individual micelles. In general, results of our MD simulations are in good agreement with the current molecular understanding and predication of lipid− protein interactions in natural PS vesicles and films. 18, 32 Structure and Conformation of Individual Biomolecular Components in the PS Corona. Once establishing the model system of bulk phase PS in the alveolar fluid, we simulated the formation of the PS corona on two commonly studied NPs with representative characteristics, that is, the hydrophilic silver NP (Ag-NP) and the hydrophobic polystyrene NP (PST-NP). Ag-NPs are widely used in many industrial applications such as electronics, biosensing, food industry, cosmetics, and medical devices. 35 PST-NPs are commonly used for biomedical applications and as a model particle for studying nanotoxicology. 8, 11, 12, 22 Both the Ag-NP and PST-NP were simulated as 5 nm spheres with a negative surface charge density set as 0.06 e/nm 2 , based on the potentiometric and conductometric titrations by Stone-Masui and Watillon. 36 The effect of particle size on the formation of the PS corona was also studied. These results are summarized in Figure S1 of the Supporting Information (SI). It can be seen that the structure of the lipid corona formed on NPs of two sizes (i.e., 5 and 15 nm) does not differ significantly, except that the process of corona formation on the smaller NP is quicker than that on the larger NP. Therefore, in the rest of the study, we only focused on NPs of 5 nm in diameter. 
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Article Figure 2 shows the simulated structures of the PS corona on the Ag-NP and the PST-NP. For clarity, structure of the lipid corona, and the molecular conformation of three surfactantassociated proteins, the hydrophobic SP-B (in orange) and SP-C (in purple) and the hydrophilic SP-A (in violet), are individually studied and demonstrated in the cross-sectional view of the corona.
First, it is clear that the PS corona formed on both the Ag-NP and PST-NP is a lipoprotein complex that consists of both lipids and proteins. The specific structure of the corona and its molecular conformation are affected by the hydrophobicity of the NP. In general, lipid molecules in the corona assume a bilayer conformation on the hydrophilic Ag-NP (Figure 2a ) but assume a monolayer conformation on the hydrophobic PST-NP (Figure 2e ). The existence of surfactant proteins does not significantly vary the basic conformation of lipid molecules in the corona.
Second, the two hydrophobic surfactant proteins, SP-B and SP-C, appear to mediate the formation of PS corona by directly interacting with the lipids in corona. In the corona formed on the Ag-NP, SP-B interacts peripherally with the lipid corona and orients in parallel to the lipid bilayer (Figure 2b ), whereas the helical fragment of SP-C adopts a transmembrane orientation (Figure 2c ), similar to the generally accepted molecular orientations of these two hydrophobic proteins in PS membranes. 32 In the corona formed on the PST-NP, due to the monolayer conformation of the corona, both SP-B ( Figure 2f ) and SP-C ( Figure 2g ) assume an orientation largely in parallel with the lipid monolayer.
Both SP-B and SP-C are hydrophobic, positively charged (pI = 8−9), and tightly associated with the surfactant membrane. 19, 32 However, SP-C is significantly more hydrophobic than SP-B. As shown in Figure S2 of the SI, SP-C is enriched in valine, leucine, and isoleucine, which makes SP-C one of the most hydrophobic proteins in the proteome. The 13th to 28th amino acid residues of SP-C all consist of these three hydrophobic amino acids. They form an α-helix structure, with its length equivalent to the thickness of a phospholipid 
Article DOI: 10.1021/acsnano.7b01873 ACS Nano 2017, 11, 6832−6842 bilayer. Therefore, SP-C tends to form lipid-spanning structures. SP-B, on the other hand, is less hydrophobic than SP-C and does not form transmembrane structures as SP-C does. It has been estimated that in the membrane and film of natural PS, SP-B likely interacts with the phospholipid molecules through the main axis of its amphipathic helical segments orientated in parallel to the plane of the lipid bilayers; 37 however, SP-C, being an even more hydrophobic protein, most likely assumes a transmembrane orientation. Our MD simulations suggest that each of these proteins in the PS corona may assume a molecular orientation similar to that in the PS membranes. Consequently, both proteins behave as a mediator to regulate and promote the formation of the PS corona on the NP.
Third, the hydrophilic surfactant protein, SP-A, appears to be also associated with the PS corona, albeit to a lesser extent than the hydrophobic proteins. Our simulations show that the SP-A molecule partially contacts the Ag-NP (Figure 2d ), while it orients nearly in parallel with the lipid monolayer in the corona formed on the PST-NP (Figure 2h ). To better understand the molecular orientation of SP-A in the corona and its functional moiety interacting with the NP, we simulated the detailed interaction between SP-A and NPs. As shown in the schematic in Figure 3a , the SP-A molecule is a flower bouquet-like octadecamer assembled from six trimers, with each monomer consisting of a carbohydrate recognition domain (CRD), an αhelical neck domain, a collagen-like domain, and an N-terminal cysteine-rich domain. 21, 38 This molecular structure is too complicated to be fully simulated with the current MD simulation techniques. Hence, we simulated a SP-A fragment that contains the CRD and the α-helical neck domain because it is widely accepted that the CRD is responsible for SP-A's affinity to multiple ligands and thus facilitates its host defense function. 21, 38 Figure 3b demonstrates the CG model of the SP-A fragment used in our simulations. It consists of a more hydrophilic CRD (containing 87 hydrophilic beads) and a less hydrophilic α-helical neck domain (containing 36 hydrophilic beads). Figure 3c,d shows the detailed molecular orientation of the SP-A fragment bound to the Ag-NP and PST-NP, respectively. It can be seen that regardless of the physicochemical properties of the NP, the SP-A fragment binds exclusively to the NP surface via the CRD. The different molecular orientation of the SP-A molecule in the corona is caused by different tilting angles of the α-helical neck domain on the Ag-NP and PST-NP. The more hydrophilic CRD tends to adsorb onto the hydrophilic surface of the Ag-NP in competition with the hydrophilic heads of the phospholipids, whereas the less hydrophilic neck domain adopts a transmembrane orientation. This finding reinforces the current understanding of molecular mechanism by which SP-A recognizes inhaled NPs, thus stimulating phagocytosis and macrophage clearance of these particles. 39−41 To quantitatively describe the molecular structure of the PS corona shown in Figure 2 , Figure 4 shows the distribution density of different PS components as a function of their distances from the NP surface, corresponding to the individual cases (a−h) shown in Figure 2 . For the Ag-NP, the distribution of phospholipid head groups shows two major peaks around 0.5 and 4.1 nm, with all phospholipid tail groups and cholesterol distributed between these two peaks (Figure 4a ). This clearly indicates a bilayered molecular conformation. In contrast, the distribution of phospholipid head groups for the PST-NP shows only one peak around 2.1 nm away from the NP surface (Figure 4e ), thus indicating a monolayer conformation. All three surfactant-associated proteins (i.e., SP-B, SP-C, and SP-A) are found to be associated with the corona but do not significantly disturb the lipid conformation of the corona.
PS Corona Formed on Representative NPs: Silver and Polystyrene. After investigating the detailed structure and conformation of individual biomolecular components in the corona (Figures 2−4) , here we simulated the complete PS corona formed on the two representative NPs, that is, the Ag-NP and PST-NP. Due to complexity of the system, we further increased the simulation time from 0.75 to 2 μs to ensure the reach of equilibrium. Figure 5a ,b shows the simulation results of the PS corona formed on the Ag-NP and PST-NP, respectively. Figure 5c ,d shows the quantitative analysis of molar ratios of lipids and proteins in the corona in comparison with those of the bulk phase PS in the alveolar fluid. The molar ratio is defined as the ratio of the number of molecules of each lipid and protein components in the corona to the total number of molecules in the corona. Quantitative analysis of the PS corona in terms of the number density of different PS components is shown in Figure S3 in the SI. The dynamic process of forming the PS corona on the Ag-NP and the PST-NP can be found in the Video S3 and Video S4 in the SI. We have also studied the dependence of our results on the simulation conditions, such as temperature and lipid and protein concentrations. These results can be found in Figures S4−S6 in the SI.
It is found that regardless of different surface properties of the NPs, the major lipid components (i.e., DPPC, POPG, and cholesterol) in the corona are relatively conserved and do not differ significantly from the lipid composition in the bulk phase PS (Figure 5c ). However, it appears that the composition of surfactant-associated proteins in the corona is significantly different from that in the bulk phase PS and is apparently mediated by the surface properties of the NP. As shown in Figure 5d , the molecular ratio of SP-A in both coronas nearly doubles that in the bulk phase PS. In contrary to SP-A, which has a similar molar ratio in the coronas for both the Ag-NP and PST-NP, contents of SP-B and SP-C are clearly regulated by the surface properties of the NP. Whereas the molar ratios of SP-B and SP-C in the corona of the Ag-NP are similar to those in the bulk phase PS, these two hydrophobic proteins are found to be significantly enriched in the corona of the PST-NP, indicating a strong tendency of selective protein adsorption mediated by hydrophobic interactions.
Our simulation results are in good agreement with recent lipidomic and proteomic characterization of the PS corona using high-resolution mass spectrometry. 17, 27, 30 Raesch et al. found that the lipid composition of the biomolecular corona formed on NPs incubated with the porcine bronchoalveolar lavage fluid (BALF) was relatively conserved, without significant difference from the BALF in the relative abundance of lipid species. 17 Similar experimental results were reported by Kapralov et al. 27 After recovering single-walled carbon nanotubes (SWCNTs) from the mouse BALF with the pharyngeal aspiration model, these researchers found that the biomolecular corona formed on the SWCNTs contains major PC and PG components, similar to the lipid profile of the mouse BALF. Our simulations clearly demonstrate that SP-A selectively adsorbs to the NP regardless of its surface properties ( Figure  5d ). Such results are not unexpected as increasing experimental evidence suggests direct binding between SP-A and NPs. 17, 42, 43 Our finding of increasing relative abundance of hydrophobic proteins (SP-B and SP-C) in the corona is also consistent with experimental results by Sund et al. 30 They found that the SP-B was among the major proteins attached to the surface of NPs incubated with Curosurf, a clinically used porcine surfactant preparation.
Importance of the PS Corona and Its Implications to Nanotoxicology. Numerous studies have shown that it is the biophysicochemical properties of the biomolecular corona, instead of properties of the pristine NPs, that determine the biological identity of the NPs in interacting with the biological system. 4 As a counterpart of the protein corona formed on NPs entering the blood vessels, the PS corona is acquired immediately and inevitably after NPs enter the respiratory system. Once the PS corona is formed on the NP surface, the biophysicochemical properties of the corona determine the further nano-bio interactions of the NPs, such as their bioavailability, biodistribution, retention, translocation, and clearance. Table 1 summarizes the major change of biophysicochemical properties of the Ag-NP and PST-NP after acquiring the PS corona. First, the PS corona coated on the pristine NP increases the effective particle size. Such an effect is obviously more significant for small NPs, which appear to be the most proinflammatory particles. 44 It is found that with the PS corona, diameter of the Ag-NP increases from 5 to 14.8 nm ( Table 1) . The lungs are the major organ targeted by prolonged exposure to Ag-NPs. 35,45−47 Release of free silver ions after Ag-NP dissolution in the biological environment is found to be the primary mechanism of nanosilver toxicity. 35,45−47 Experimental studies demonstrated that incubating Ag-NPs with DPPC (i.e., the major lipid component of natural PS) attenuates the dissolution of Ag-NPs, inhibits the release of silver ions, 48 and hence reduces the proinflammatory potential of Ag-NPs in the lungs. 44 More importantly, such a beneficial effect of the PS corona is most likely nonspecific to Ag-NPs as it was found that incubation of zinc oxide nanowires with Curosurf also reduces particle dissolution in the biological environment. 49 Hence, the PS corona, in general, may reduce the proinflammatory potential of NPs by forming a physicochemical barrier against the biological environment.
Second, the PS corona coated on the pristine NP appears to equalize its hydrophobicity, that is, making the intrinsically hydrophilic NP more hydrophobic while making the hydrophobic NP more hydrophilic. It is well accepted that hydrophobicity of the NP plays a crucial role in determining its interactions with biological entities. 1, 22 Hydrophobicity of the NPs coated with the PS corona, however, is largely determined by the molecular composition of the corona. As the lipid composition of the corona formed on different NPs is largely identical to the lipid composition of the bulk phase PS (Figure 5c ), it is not unexpected that hydrophobicity of the NPs coated with the PS corona tends to be equalized (Table 1) . a The relative hydrophobicity of the NP (with/without the PS corona) was characterized by the proportion of hydrophobic beads on the NP surface, with zero representing fully hydrophilic and unity representing fully hydrophobic. b The surface density of the phosphate group on the NP was evaluated by N/(πD 2 ), where N is the number of PO4-named beads on the outer surface of the corona, and πD 2 is the surface area of the corona.
Despite the similarity in hydrophobicity, our current ( Figure  5d ) and previous simulations consistently showed that hydrophobic NPs tend to adsorb more hydrophobic surfactant proteins (i.e., SP-B and/or SP-C). 16, 26 Consequently, the hydrophobic NPs are expected to have a higher inhibitory potential to the biophysical function of natural PS than the hydrophilic NPs. Along this line, our in vitro experiments showed that NPs with increasing hydrophobicity cause a higher degree of surfactant inhibition, likely due to depletion of hydrophobic proteins from the natural PS. 15, 22, 25 This finding also supports the strong correlation between the hydrophobicity of NPs and their pulmonary toxicity in vivo. 50 Third, the PS corona coated on the pristine NP obviously increases the phosphate group density on the NP surface. Because the phosphate group plays a crucial role in the biorecognition of NPs, 4 the PS corona may lead to enhanced cellular uptake of the NPs. 28, 30, 49 Due to differential molecular conformations of the PS corona formed on the hydrophilic and hydrophobic NPs (Figures 2−5) , the phosphate group on the Ag-NP shows a larger density than that on the PST-NP (Table  1) , thus indicating an easier cellular uptake of the hydrophilic NPs than the hydrophobic NPs. This prediction is in line with experimental results by Thorley et al. 28 These researchers found that hydrophilic modifications and binding with natural PS increase the cellular uptake of PST-NP. Our simulations therefore imply that the different behaviors of cellular update of NPs after acquiring the PS corona is not due to the intrinsic hydrophobicity of the pristine NP (as the PS corona tends to equalize the hydrophobicity of the NP) but likely due to the different phosphate group densities in the PS corona.
It should be noted that although our CGMD simulations provide an insight into the molecular conformation of the PS corona and its impact on nanotoxicology and nano-biotechnology, it is worth putting a caveat on these simulation results. First of all, limited by the computing power, both length and time scales of our simulations are much smaller than those in real experiments. Therefore, any direct quantitative comparison between our simulation results and experimental measurements should be only conducted with caution. Second, ultrastructure and chemical composition of natural PS are very complicated and likely involve within-and between-person variations. Hence, our simulation results can be only used as a general guideline for understanding the formation and structure of the PS corona at the molecular scale. Third, NPs in reality, even before inhalation, are not likely to be pristine. This is especially true for metal particles of high surface free energy. For example, Ag-NP in reality is most likely either partially oxidized or bound with hydroxyl or sulfide ligands adsorbed from the environment. Our CGMD simulations only considered the physicochemical properties of the NP surface instead of the specific chemical composition of the surface.
CONCLUSIONS
Using CGMD simulations, we studied the interactions between NPs and the natural PS in the alveolar fluid. It was found that regardless of their physicochemical properties, upon contact with the PS, both Ag-NPs and PST-NPs instantly acquire a biomolecular corona that consists of both lipids and proteins. Structure and molecular conformation of the PS corona, however, depend on the hydrophobicity of the pristine NPs, with the hydrophilic Ag-NP forming a bilayered corona and the hydrophobic PST-NP forming a monolayered corona. Quantitative analysis revealed that the lipid composition of the corona formed on different NPs is relatively conserved and is similar to that of the bulk phase PS. Relative abundance of SP-A in the corona of different NPs, however, is significantly higher than that in the bulk phase PS. In contrast to the hydrophilic protein SP-A, the relative abundance of hydrophobic proteins (SP-B and SP-C) is notably affected by the hydrophobicity of the NP. Formation of the PS corona provides the NPs with a physicochemical barrier, equalizes the hydrophobicity of the pristine NPs, and may enhance biorecognition of the NPs. These modifications in physicochemical properties may play a crucial role in affecting the biological identity of the NPs and hence alter their subsequent interactions with cells and other biological entities. Our results suggest that all studies of inhalation nanotoxicology or NPbased pulmonary drug delivery should consider the influence of the PS corona.
METHODS
Establishment of the Coarse-Grained Models. Coarse-grained molecular dynamics (CGMD) simulations were utilized to capture sufficient details in the molecular scale while allowing the simulation to run in adequate temporal and spatial scales. The widely used MARTINI CG force field was adopted. 51 Similar to our previous study, the lipid components of the pulmonary surfactant consist of dipalmitoylphosphatidylcholine (DPPC), palmitoyloleoylphosphatidylglycerol (POPG), and cholesterol at a molecular ratio of 14:6:5. 26 The two hydrophobic surfactant proteins, SP-B and SP-C, were simulated by their corresponding peptides derived from the allatom models obtained from the protein data bank (PDB) 52 by recognizing their secondary structures using the DSSP program. 53 The all-atom models were then transferred to the corresponding CG models with the martinize.py script provided by the Martini force field. Mini-B (PDB ID: 2DWF) is a 34-residue peptide composed of the Nand C-terminal helical regions of the full-length 79-residue SP-B. Mini-B has been shown to retain certain activity of the full-length SP-B. 54 Two tails of the SP-C peptide (PDB ID: 1SPF) has been palmitoylated, which is crucial for its surface activity. 55 The complete molecular structure of the hydrophilic surfactant protein SP-A is not yet available. However, it is known that SP-A is associated with the PS membranes and interacted with inhaled particles/pathogens primarily through its carbohydrate recognition domain (CRD). 38 Hence, the fragment of CRD and the neck domain of SP-A (PDB ID: 1R13) were used in our simulations to represent SP-A. Another hydrophilic surfactant protein SP-D, however, was not included in the present simulation because SP-D is not usually associated with the PS membranes. 56 Detailed all-atom and CG models of the surfactant protein peptides for SP-A, SP-B, and SP-C used in our simulation can be found in Figure S7 of the SI.
The silver (Ag) NPs were constructed with the bead type P4 (because the surface of Ag-NPs is usually covered by a layer of water molecules 57 ), with each Ag atom represented by one CG bead. The polystyrene (PST) NPs were constructed with 75% bead type STY and 25% bead type SCY, as recommended by Rossi et al. 58 In this model, the benzene ring in the styrene monomer residue was represented by three STY beads, while the alkane chain was represented by one SCY bead. The surface charge density of the NPs was set as 0.06 e/nm 2 , based on the potentiometric and conductometric titrations by Stone-Masui and Watillon, 36 and evenly distributed on the surface beads of the NPs.
Process of the CGMD Simulations. All CGMD simulations of natural PS were conducted in a simulation box of 30 × 30 × 30 nm 3 that contains 1599 CG DPPC, 687 CG POPG, and 573 CG cholesterol molecules, doped with 10 CG mini-B, 10 CG SP-C peptides, and 4 CG SP-A fragments. The NPs and PS molecules were randomly set in a simulation box using the PACKMOL package 59 and then solvated in a 0.154 M NaCl aqueous solution to allow selfassembly in the aqueous phase. The initial condition for simulating the self-assembly of PS lipids and proteins is shown in Figure S8 in the SI.
Periodic boundary conditions were applied in all three dimensions. The system energy was first minimized using the steepest descent algorithm and then the conjugate gradient algorithm, followed by a short-time simulation under NVT ensemble conditions. Simulations were carried in NPT ensembles, using the isotropic Berendsen barostat with a coupling constant of τ P = 4 ps and a system compressibility of 5 × 10 −5 bar −1 . The time step of simulations was 20 fs, and the neighbor list was updated every 10 steps. The temperature was maintained at 310 K by v-rescale temperature coupling. Simulations in NPT ensembles last at least 750 ns to ensure the completion of molecular diffusion and interaction. The equilibrium was reached when no new PS molecules were adsorbed to the surface of the NP within a few hundreds of nanoseconds; that is, the number density curves shown in Figure 4 did not change significantly. All simulations were performed using the GROMACS 4.5.4. 60 Data Analysis and Quantification. The number density of different PS components shown in Figure 4 was evaluated by the Bspline function of D = N/(4π(r + d) 2 t) in a series of 0.2 nm thick spherical shells, where D is the number density, N is the bead number in the shell, r is the radius of the NP, d is the distance from the NP surface, and t is the thickness of the shell. The relative hydrophobicity (Table 1) of the NP (with/without the PS corona) was characterized by the proportion of hydrophobic beads on the NP surface, with zero representing fully hydrophilic and unity representing fully hydrophobic. The surface density of the phosphate group (Table 1) on the NP was evaluated by N/(πD 2 ), where N is the number of PO4-named beads on the outer surface of the corona, and πD 2 is the surface area of the corona.
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